The properties of excitable media are exploited to find minimum-length paths in complex labyrinths. Optimal pathways are experimentally determined by the collection of timelapse position information on chemical waves propagating through mazes prepared with the Belousov-Zhabotinsky reaction. The corresponding velocity fields provide maps of optimal paths from every point in an image grid to a particular target point. Collisions of waves that were temporarily separated by obstacles mark boundary lines between significantly different paths with the same absolute distance. The pathfinding algorithm is tested in very complex mazes with a simple reaction-diffusion model. Figure 1C shows that the path optimization includes local features such as diagonal trajectories in the corridors of the labyrinth. The labyrinth is therefore analyzed as a two-dimensional array of rectangular segments rather than as a mesh of one-dimensional strings. Path boundaries, created by colliding waves that previously had been separated by barriers, are also defined (see Fig. 1B Fig. 2 , in which four waves were initiated almost synchronously at sites S1, S2, S3, and S4 near the corners of the maze.
Propagating waves in spatially distributed, excitable media arise from the coupling of a positive feedback process with some form of transport, for example, autocatalytic chemical reaction with molecular diffusion (1) . Such waves are observed in biological (2) , chemical (3) , and physicochemical (4) systems and typically exhibit constant velocities and annihilation in collisions with boundaries or other waves (5, 6) . In this report we describe how these features give rise to a highly efficient algorithm for the determination of optimal paths. Conventional pathfinding methods typically rely on iterative searches, in which all possible pathways between a point of interest and a target point are successively determined and the optimal path is then selected (7) . In an excitable medium, a single propagating wave generates a map for the optimal path from every point of the system to a target point. This feature was first noted by Sepulchre et al. (8) in a computational study of wave propagation in an oscillatory medium containing impenetrable obstacles.
Experimental studies of wave propagation in complex labyrinths were carried out with the excitable Belousov-Zhabotinsky (BZ) reaction (9) by means of time-lapse digital imaging techniques. Planar labyrinths were made of vinyl-acrylic membranes saturated with BZ reaction mixture (10) . We (2) where the variables u and tr describe the spatiotemporal dynamics of a propagator species and a controller species, respectively (14). Figure 3 shows the results of simulated wave propagation through a complex labyrinth that was developed in 1664 by G. A.
Boeckler (15). As in the experiments, the color coding corresponds to transit times for the shortest length path from any point to the target point, the red door at the top boundary where the wave was initiated. The color map shows very different transit times for points in each of the four square areas and the central circular area. The map indicates times only for the optimal paths (in fact, there are multiple paths from any particular starting point to the target point). An example of an optimal path originating from the lower left square (colored blue) is shown by the white dashed line. This trajectory was computed from the time-indexed points according to the procedure described above. Visual inspection of the labyrinth reveals another, significantly different pathway, which exceeds the optimal path in length by only 7'. We also carried out an additional calculation to prove that the optimal, shortest length path is unaffected by switching the point of origin with the target point and vice versa. The optimal path obtained from this "reverse" calculation is the same as that shown in Fig. 3 .
Throughout this report we have assumed constant-velocity waves propagating according to Huygens's principle. This assumption is the basis of the vector fields derived from the time-indexed grids and the t-T algorithm for determining optimal paths. In fact, front curvature may significantly affect the velocity of wave propagation (12) Colors indicate propagation times for a wave that was initiated at the entrance, shown in red at the top boundary of the maze. The color coding is the same as in Fig. 1 respectively. For the slowest wave ( Fig.   4A ), all but two channels have r > rc. 75 
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Because two of the "doors" are too small, the optimal trajectory from the starting point in the upper right corner to the target S 50 point S takes a circuitous route through the "allowed" openings. Above a critical veloc-
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As ity, the opening at (x, y) = (25, 33) becomes available for wave propagation (because r > rc) and a more direct path to the 0 W l target point S is determined (Fig. 4B) NaNO3 as the supporting electrolyte. In all of the experiments, an indium-tin oxide (ITO, Delta Technologies, Stillwater, New York) electrode was used as substrate. The tip was fabricated from an electrochemically sharpened 125-pum Pt-Ir (80%-20%) wire coated with Apiezon wax or polyethylene glue. We exposed the end by placing the tip in a scanning tunneling microscope (STM) and allowed it to approach the ITO substrate until a set-point current (0.5 nA) began to flow. By constructing the tip in this manner, we ensured that the tip and its insulating sheath would approach the ITO surface perpendicularly without alignment difficulties. Details of the fabrication of these tips and their characterization are given elsewhere (5-7). The instrument used in these studies has been described in (8, 9) and is capable of both STM and SECM measurements with a vertical (z direction) resolution of better than 1 A and a current sensitivity as low as 50 fA when the proper filter is used. The electrochemical cell contained a Pt counterelectrode and either a saturated calomel electrode (SCE) or a Pt quasi-reference electrode.
The correct tip geometry is essential for the successful trapping of a molecule. Information about the exposed area of the tip and the shapes of the tip and insulating sheath can be obtained from electrochemical measurements, that is, from determination of the tip current iTas a function of d as the tip is moved toward the substrate in an SECM (7) . All 
